ABSTRACT: The genetic diversity of natural populations and the increase in global temperature are becoming important issues in ecotoxicological research. We investigated the combined effects of 3 different temperature levels and 6 different levels of genetic diversity on the life history parameters of Chironomus riparius. Inbreeding and loss of genetic variation are major threats to small and endangered populations. The reduction of fitness due to inbreeding is more severe under stressful environmental conditions. We show that under even a moderate temperature stress, a decrease in genetic variation has important consequences on the fitness of populations. This indicates that the global temperature increase could have serious effects on the distribution and survival of locally distributed or rare species.
INTRODUCTION
A range of biotic and abiotic factors affect the development and reproduction of wildlife populations under field conditions. Within this complex puzzle of different ecological parameters, 2 have become the focus of scientists within the last decade. The increase in temperature due to global warming (Araujo & Rahbek 2006) , and the loss of genetic variability within populations as a result of habitat fragmentation or pollution stress are emerging problems for biodiversity (Bickham et al. 2000 , Frankham 2005a ). Both parameters affect biological processes at the individual (Frouz et al. 2002) or the population level (Hall & Burns 2002) . The increasing global temperature especially affects ectothermic organisms, which have a limited ability to maintain body temperature at a constant level; hence their growth and development are closely connected to the ambient temperature. Temperature affects ectothermic organisms in 3 different ways: (1) at low temperatures somatic growth is inhibited; (2) at higher temperatures intrinsic population growth rates increase; and (3) beyond a critical threshold temperature a higher mortality rate occurs (Frouz et al. 2002 , Pery & Garric 2006 .
The fitness of individuals and populations is also affected by genetic variability, as allelic and phenotypic richness is associated with the survival of populations (Mitton 1997) . Rich genetic diversity is important for the long-term survival of populations, especially in changing environments (Frankham 2005a,b) . Populations with insufficient genetic variability have less chances to adapt; and the loss of genetic variation is associated with inbreeding (Keller & Waller 2002 , Hansson & Westerberg 2002 . Inbreeding leads to the phenotypic expression of previously rare lethal alleles and thus reduces the fitness within populations. This reduced fitness, termed 'inbreeding depression', is more severe under stressful environmental conditions, e.g. salinity, temperature stress or chemical exposure (Hauser & Loeschcke 1996 , Dahlgaard & Hoffmann 2000 , Armbruster & Reed 2005 The aim of this study was to determine the interaction between temperature stress and inbreeding, using an ectothermic aquatic invertebrate to test if genetically impoverished populations exhibit a higher sensitivity to temperature shifts. We selected a species from the dipterian family of Chironomidae, the non-biting midge Chironomus riparius, representing a model organism with a benthic-associated life cycle. Chironomids are widely distributed in the temperate northern hemisphere and are characterised by a huge ecological tolerance (Armitage et al. 1995) . They can be found in hot springs, eutrophic and oligotrophic ponds, lowland rivers, and sub-glacial streams (Pinder 1986 ). Chironomids have 3 aquatic juvenile (egg, larvae and pupae) and one aerial adult life-stages (Olivier 1971) . Previous studies assessing the effect of temperature variation (12-37°C) on chironomid growth patterns concluded that growth was promoted by increasing temperature up to a certain limit (Sankarperumal & Pandian 1991 , Stevens 1998 , Frouz et al. 2002 , Pery & Garric 2006 . In contrast, female body size and fecundity decreased with higher temperatures (Frouz et al. 2002 , Gong et al. 2002 . These studies were all performed with single populations; the additional impact of genetic diversity in connection with the effects of temperature shifts was not investigated. Hence, we tested if the development and reproduction of Chironomus riparius are affected by temperature shifts (± 3°C) and if there is an interaction between these effects and genetic diversity.
MATERIALS AND METHODS

Test organisms
For the experiments, 6 different Chironomus riparius populations were used (Table 1) . One population, with a high inbreeding level (Pop. VI) was obtained from ECT Ecotoxicology, Flörsheim. Five other genetically different populations (Pop. I-V) were derived from different generations of a multi-generation study (under controlled conditions) performed using our inbred inhouse mass culture (GEN-) and a genetically variable population (GEN+). The GEN-population was established in 1998 with egg ropes from the laboratory of Bayer AG, Leverkusen. The diverse population (GEN+) was created in 2004 out of 11 different laboratory stocks from 7 countries (Bulgaria, Germany, France, Finland, Great Britain, Netherlands and USA) (Nowak et al. 2007 ). All populations, except Pop. VI, were cultured for many generations at a constant temperature of 20°C. All experiments were conducted at different times within 2 consecutive years under standard laboratory conditions (OECD 2004).
Experimental procedures
Static life-cycle experiments were conducted according to Vogt et al. (2007a) at 3 different temperatures. The standard temperature of 20°C was used as the control treatment and 2 treatments with temperature shifts (17 and 23°C) were performed. The animals were cultured in climate chambers (Sorvall Heraeus, Kendor Laboratory Products) from the first larval stage until emergence. For culturing we used 600 ml glass beakers containing 100 g pure quartz sand (grain size 0.1-0.4 mm) and 400 ml reconstituted water. Each treatment consisted of 8 replicates. Prior to the experiment, vessels were prepared with sediment and water and covered with gauze (mesh size 0.75 mm); 3 d before the start of each experiment, freshly laid (≤ 24 h) egg ropes were taken from each population. Newly-hatched larvae from different egg ropes were combined to randomly select 20 first instar larvae for each replicate. The larvae were fed with a finely ground fish-food suspension (0.5 mg larva
. To compensate for possible temperature differences inside the climate chambers, the position of test vessels was randomized daily. From Day 10, the number of emerged imagines were counted twice daily. Successfully emerged midges were collected with an exhauster and transferred to a breeding container, consisting of a glass aquarium (30 × 20 × 20 cm) closed with a stainless steel gauze (mesh size 0.5 mm). Each breeding container was maintained at a constant temperature of 20°C and contained a plastic (polypropylene) dish (11.5 × 11.5 × 5.5 cm), filled with 400 ml of reconstituted water for oviposition. The egg-ropes were counted and removed from the breeding container daily. Based on the method described by Vogt et al. (2007a) , the number of eggs per clutch were recorded. Each egg-mass was placed in a well of a 24-microwell plate and after 3 d the fertility was determined. At the end of the experiment (Day 32), dead imagines were collected (only for Pop. I, II, IV and V) and 208 dried at 34°C for 3 d. The dry body weight of each animal was determined to the nearest μg using a balance (Sartorius 4401).
Microsatellite analyses
For the genetic analyses, 100 first instar larvae from each population were cultured in 1 separate aquarium under the same experimental conditions. As soon as the larvae reached the L4 instar, they were frozen in liquid nitrogen and stored at -80°C. Genetic variation was measured at 5 variable microsatellite loci previously identified for Chironomus riparius (Nowak et al. 2006) . DNA extraction was performed using a modified standard CTAB (cetyltrimethylammonium bromide) protocol (Winnepenninckx et al. 1993) . Microsatellite fragments were amplified on a T3 thermocycler (Biometra) and amplified DNA fragments were diluted 1/25 prior to electrophoretical fragment length analysis on an ALF sequencer (Pharmacia). Alleles were counted using the Alfwin ® 1.0 software of the same manufacturer. In total, 36 ind. were checked for each combination of population and temperature. The offspring of 2 populations (Pop. I and IV) were reared under the same procedure for an additional generation to determine the genetic diversity of the F1-generation. Pop. IV, with the second lowest genetic diversity, was chosen because in Pop. VI (which had the lowest genetic diversity) a high mortality was observed at 17°C. Pop. I was selected to represent a population with a high genetic variability.
Statistical analysis
Statistical analyses were performed using the software program GraphPad Prism ® , Version 4.03 (Graph Pad Software). Based on the emergence time and the number of emerged imagines, the mean emergence time (EmT 50 ) was calculated. To calculate EmT 50 , the natural logarithm (x) of time (in d) was taken and the number of emerged midges was cumulated and normalised to percentages for each replicate (Y ). After that, non-linear regression was performed using the logistic curve (b, slope; c, maximal response = 100%) of which the EmT 50 is a parameter. This parameter could only be determined for treatments with mortality rates (non-emerged midges) below 80%, because in those cases meaningful values were generated.
(1)
No replicates were available for the number of eggmasses per female (total and fertile), because emerged adults from all 8 replicates per population and temperature were transferred into one single breeding container to form a swarm of sufficient size. Population growth rate (PGR) was calculated according to a simplified Euler-Lotka calculation based on: mortality rate (f ), mean emergence time of females (g), female fraction (h), number of eggs per egg-mass (i) and number of fertile egg-masses per female ( j); only one value per population was available.
(2) Expected heterozygosity (H e ) was calculated using the Genpop ® online version 3.4 software (Raymond & Rousset 1995) based on the number of loci (m = 5), the number of alleles per loci (k) and the allele frequency (p i ).
(3)
All data were tested for normality using the Kolmogorov-Smirnov test. Normal distributed data sets (EmT 50 and male dry body wt) were checked for significant differences to the corresponding 20°C treatment using 1-way ANOVA with Dunnett's post hoc test within single populations. For non-normal distributed parameters (mortality, eggs per egg-mass and female dry body wt) a non-parametric Kruskal-Wallis test with Dunn's post hoc test was applied.
To test the impacts of the 2 combined stressors of temperature and inbreeding on life cycle parameters, a 2-way ANOVA was applied. For the number of eggmasses per female (total and fertile) and the PGR no statistical tests could be applied because there were too few replications.
RESULTS
Genetic diversity
The genetic analyses indicated that Pop. I had the highest genetic variability of all considered populations (Table 1 ). In contrast, Pop. III exhibited a much lower genetic variability, explained by the higher inbreeding level resulting from the ongoing multi-generational experiment (Nowak et al. 2007 ). Therefore, the expected heterozygosity (H e ) for Pop. I was nearly 1.5 × higher than for Pop. III. All GEN-populations exhibited a clearly decreased level of genetic diversity; the lowest value analysed was for Pop. VI. For that population, the 5 microsatellite loci were nearly homozygotic with an H e of 0.10. The genetic variability for Pop. IV was lower than for Pop. V, even though the latter was selected from the multi-generation study 2 generations later. 
Mortality
The mortality rates of Pop. I-V were little affected by temperature stress (Fig. 1 ) their maximal median mortality rates were < 40%. Only one significantly increased mortality rate at temperature stress was detected (Pop. III; 17°C, p < 0.05). In contrast, dramatic effects of temperature stress on survival were observed for the population with the lowest genetic variability (Pop. VI). This strain exhibited a very high median mortality rate at 17°C (90%). Although a high mortality rate was observed for the standard temperature (20°C, 62%), a low mortality rate was observed for the highest temperature (23°C, 15%). For mortality, a clear interaction between temperature stress and inbreeding was calculated (p < 0.001, Table 2 ). Furthermore, both genetic variability and temperature were significantly (p < 0.001 and p < 0.01, respectively) responsible for the variation within the data.
Mean emergence time (EmT 50 )
No interaction between genetic diversity and temperature was determined for mean emergence time, but an effect of genetic variability and temperature was found (p < 0.001, Table 2 ). In general, at higher temperatures the animals emerged significantly (p < 0.001) earlier for all populations (Fig. 2) . At 23°C the mean emergence time was on average (± SE) 36% (±1.9%) compared to the 17°C treatments. A linear regression was calculated for the mean emergence time and the temperature for all populations, whereby the correlation coefficients were 0.96-0.99.
Reproduction
The total number of egg-masses per female varied between 0.22 (Pop. VI, 17°C) and 1.40 (Pop. IV, 20°C). The lowest numbers of total egg-masses per female were observed for Pop. VI at all temperature levels (Table 3 ). This population exhibited a decreased number of egg-masses per female. High fertility of eggmasses was observed for all populations (with the exception of Pop. VI); 55% of all laid egg-masses were Table 1 ). Significant differences were calculated using Kruskal-Wallis test (with Dunnett's post hoc test), comparing treatments of 17 and 23°C with the standard treatment at 20°C. * p < 0.05, ** p < 0.01, n = 6-12 Table 1 ). Significant differences were calculated using 1-way ANOVA (Dunnett's post hoc test), comparing treatments at 17 and 23°C with the standard treatment at 20°C (n = 6-12). For EmT 50 all treatments are significantly different from the 20°C treatment fertile. For Pop. VI, no fertile egg-masses were observed at 17 and 20°C and the population died out. At 23°C only a low number of fertile egg-masses per female were observed (0.05). A 2-way ANOVA could not be applied to the egg-masses per female (total and fertile), because there were not enough replicates. A strong tendency was observed for the fertile number of egg-masses, whereby the populations with lower genetic diversity produced less fertile egg-masses than populations with higher genetic diversity. For the clutch size, no interaction between genetic variability and temperature was observed, but there was an effect of genetic variability and temperature (Table 2) . At higher temperatures, the females produced smaller egg-masses within single populations, and significant differences were calculated for Pop. I, III, IV and V (Fig. 3) .
Dry body weight of imagines
Within the single populations, effects of temperature on male dry body wt were measured (Fig. 4) . For all populations, significantly (p < 0.001) lower dry body wt was observed in the 23°C treatments. Furthermore, the males had a significantly (p < 0.001) higher mean dry body wt at 17°C than at 20°C for Pop. I, IV and V. For females, dry body wt varied between 0.37 and 0.61 mg, but no clear effect of temperature stress was detected (data not shown). The results of the 2-way ANOVA indicated for both genders a significant (p < 0.01, Table 2 ) interaction between genetic variability and temperature. Furthermore, a significant (p < 0.001) impact from genetic variability and temperature was determined.
Population growth rate (PGR)
At 17 and 20°C the females of Pop. VI did not produce fertile egg-masses and thus only at 23°C was a PGR determined (Fig. 5) . The highest PGR was observed in the population with the highest genetic diversity (Pop. I) and this population increased every day by about 50%. For all populations (except Pop. VI), PGR was always above 1.2 d -1 and increasing temperatures led to an enhanced PGR.
Genetic diversity of the offspring generation
For Pop. I, hardly any effect of temperature stress on the genetic diversity of the F1 generation was observed compared to the parental generation (Fig. 6) . Therefore, only a narrow range of H e (between 0.44 and 0.54) was found over all treatments. In contrast, Pop. IV exhibited a decline in the genetic diversity of Table 1 ) within temperature treatments. * p < 0.05 Table 3 . Chironomus riparius. Egg-masses per female (T: total; F: fertile) at 3 temperature treatments for 6 genetically different populations (for descriptions see Table 1 Male dry body weight (mg) Fig. 4 . Chironomus riparius. Mean male dry body wt (mg ± SD) of Pop. I, II, IV and V (for population descriptions see Table 1 ) within temperature treatments. Significant differences were calculated using 1-way ANOVA (Dunnett's post hoc test), comparing treatments of 17 and 23°C with the standard temperature treatment of 20°C. ** p < 0.001, n = 46-67 the F1 generation at the highest temperature (23°C), whereby the expected heterozygosity decreased from 0.23 (parental generation) to 0.09 (F1-generation).
DISCUSSION
Chironomus riparius was selected as a model organism and the results could to some degree be transferred to other species with a similar life cycle. Because of the wide temperature tolerance of chironomids, it can be assumed that field populations are not endangered by the chosen temperature shifts. Furthermore, chironomid field populations have a high genetic variability and they are not primarily endangered by genetic impoverishment. In the field, heterozygosities around 0.6 were determined for 2 C. riparius populations in northern Baden-Württemberg, Germany (Nowak et al. 2007 ). The 3 populations in this study with the highest genetic diversity (Pop. I-III) represent a similar genetic diversity level to the field populations. The other 3 populations (Pop. IV-VI) with lower genetic variation could be understood as genetically impoverished populations due to their negative response to a disturbed situation. Pop. IV-VI can serve as examples for species which do not have such a high genetic diversity and which are more endangered by genetic impoverishment.
Significant effects of temperature stress were determined for various life-cycle parameters of Chironomus riparius. In general, mean emergence time, clutch size, dry body wt, and therefore population growth rate, were affected by temperature stress. The results are in good agreement with the results of similar studies on chironomids (Sankarperumal & Pandian 1991 , Stevens 1998 , Frouz et al. 2002 , Pery & Garric 2006 ). In contrast, some parameters, such as the number of eggmasses per female (total and fertile), were not affected by temperature stress. The most probable effect of temperature at the selected range of 17 to 23°C is an increase in food uptake and assimilation during all 4 larval instars (Pery & Garric 2006) . The metabolic rate of the larvae increases with increasing temperature and they have a shorter larval development time (Sankarperumal & Pandian 1991) . These are the most probable reasons for the linear decrease of mean emergence time with increasing temperature. At 17°C the mean emergence time was 23 d, and at 23°C the animals emerged after 15 d, confirming the results of other studies (Goddeeris et al. 2001 , Pery & Garric 2006 . Shorter larval development time due to higher temperatures leads to smaller imagines (Atkinson 1994 , Surakarn & Yano 1995 , Frouz et al. 2002 . This was also observed within our experiments.
The number of egg-masses per female and the fertility were only weakly affected by temperature, due to the effect of a decrease in pre-emergence time with increasing temperature. This was also observed in other studies with Chironomus riparius (Pery & Garric 2006) . Although for the number of egg-masses per female no effect of temperature was determined, the number of eggs per egg-mass was significantly decreased at higher temperatures. This phenomenon was also found for C. crassicaudatus, whereby females cultured at 17°C produced larger egg-masses compared to females cultured at 32.5°C (Xue & Ali 1994) . With the decreased mean emergence time at higher temperatures, the population growth rate also increases, compensating for the negative effect on the clutch size. The animals grow faster with e.g. an optimal food supply, and population growth rates above Table 1) at 3 temperature treatments For population descriptions see Table 1 1.2 have also been observed in other studies (Lopes et al. 2005 ). The investigation of temperature effect on genetic diversity provides a more differentiated picture than the single life cycle parameter analyses. Although for the F1-generation of Pop. I no temperature effect on genetic diversity was observed, the genetic variability of the F1-generation of Pop. IV was slightly decreased at 23°C compared to the parental generation (Fig. 6) . The slight decrease of genetic variability within the F1-generation of Pop. IV could not be explained by higher mortalities in the parental generation. It could be explained by genetic drift (the most likely cause) or it might be due to a direct selection process, whereby only tolerant females are able to produce fertile offspring (Staton et al. 2001 , Lopes et al. 2004 .
A significant impact of genetic variability was determined for mortality, EmT 50 , eggs per egg-mass and the dry body wt. There was a tendency for populations with lower genetic diversity to produce fewer eggmasses per female (total and fertile), whereas temperature had no impact on this factor. Overall, populations with lower genetic diversity are endangered by temperature stress, whereby the intrinsic population growth rate rapidly decreases with temperature shifts. Populations with lower genetic variability have a lower potential to cope with changing environments (Frankham 2005b) and such populations are more sensitive to diseases and inbreeding depression (Hebert & Luiker 1996 , Reed et al. 2003 .
CONCLUSION
Populations with reduced genetic diversity, e.g. as a result of low contaminant exposure (Vogt et al. 2007b) , are threatened with extinction if a second stressor, such as slightly altered temperatures, comes into force. These results have considerable implications for the distribution and survival of locally distributed or rare species.
